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Abstract 
The present analytical work describes convective steady heat and mass transfer flow past a semi-finite 
vertical porous plate with large suction and the influence of viscous dissipation. At the surface of the plate the 
suction is considered to be large. The studies of the flow feature mentioned above are made in different 
section taking different aspects of the flow that are practical importance. These studies are mainly based on 
the similarity approach. The governing equations are transferred to similarity boundary layer equations using 
similarity technique. Corresponding similarity equations of the momentum, energy and concentration 
equations are solved by applying the method of perturbation which has this study entirely defined. The effects 
on the velocity, temperature and concentration for vary important parameters entering into the problems 
separately are discussed. The results in the form of velocity, temperature and concentration distribution are 
then shown graphically. 
Keywords: Boundary layer flow; Heat and mass transfer; Suction; Method of perturbation. 
1. Introduction  
Boundary layer heat and mass transfer flow [1] has received a lot of attention in the field of several industrial, 
scientific and engineering applications in recent years. Convective ﬂow has also extensive solicitations in 
engineering as post accidental heat removal in nuclear reactors, heat exchangers, drying processes, 
geothermal and oil recovery, building construction, solar collectors, etc.  In recent years researchers [2-15] 
has taken this field of research into account. The aim of present research is to develop an analytical solution 
on heat and mass transfer flows which have been of interest to the engineering community and to the 
investigators dealing with the problems in geophysics and astrophysics. The analysis so produced in fact 
arose out natural tendency to investigate a subject that may be said to relate to some academic types of 
problems of solution of the equations of fluid mechanics. In present work, therefore, the effect of large suction 
on heat and mass transfer flow has been investigated analytically byPerturbation technique.  
2. Mathematical Modelling 
Two-dimensional free convection laminar boundary layer flow of a viscous incompressible fluid past a semi-
finite vertical porous plate with large suction is considered. The sketch of the physical configuration and 
coordinate system are shown in Fig 1. Introducing the Cartesian coordinates system, the x- axis is taken 
along the porous plate in the vertically upward direction and y- axis is taken as the normal to the plate. 
Instantaneously at time 0t > , temperature of the plate and species concentration are raised to   wT T  and 
 wC C  respectively, which are thereafter maintained constant, where wT , wC  are temperature and species 
concentration at the wall andT

, C

 are temperature and species concentration far away from the plate 
respectively.  
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Figure 1. Physical model and coordinates system. 
Under the above assumptions and usual boundary layer approximation, the free convection fluid flow and heat 
and mass transfer with the viscous dissipation effect are governed by the following equations: 
𝜕𝑢
𝜕𝑡
+ 𝑢
𝜕𝑢
𝜕𝑥
+ 𝑣
𝜕𝑢
𝜕𝑦
= 𝜐
𝜕2𝑢
𝜕𝑦2
+ 𝑔𝛽 𝑇 − 𝑇∞ + 𝑔𝛽
∗ 𝑐 − 𝑐∞        (1) 
𝜕𝑇
𝜕𝑡
+ 𝑢
𝜕𝑇
𝜕𝑥
+ 𝑣
𝜕𝑇
𝜕𝑦
=
𝑘
𝜌𝑐𝑝
𝜕2𝑇
𝜕𝑦2
+
𝜐
𝑐𝑝
 
𝜕𝑢
𝜕𝑦
 
2
         (2) 
𝜕𝐶
𝜕𝑡
+ 𝑢
𝜕𝐶
𝜕𝑥
+ 𝑣
𝜕𝐶
𝜕𝑦
= 𝐷𝑚
𝜕2𝐶
𝜕𝑦2
           (3) 
Now the boundary conditions are, 
𝑢 = 0 , 𝑣 = 𝑣 𝑥 ,𝑇 = 𝑇𝑤  ,𝐶 = 𝐶𝑤     𝑎𝑡 𝑦 = 𝑜 
𝑢 = 𝑈° ,𝑇 → 𝑇∝,𝐶 →  𝐶∝   𝑎𝑡 𝑦 → ∝  (4) 
3. Similarity Solutions 
Since our aim is to attain similarity solutions, we introduce the following similarity variables, 
𝜂 = 𝑦 
𝑈0
2𝜐𝑥
 ; Ψ =  2𝜐𝑈0𝑥 𝑓 𝜂 ;  𝑢 =
𝜕Ψ
𝜕𝑦
;  𝑣 = −
𝜕Ψ
𝜕𝑥
;
𝜃 𝜂 =
𝑇−𝑇∞
𝑇𝑤−𝑇∞
;  𝜑 𝜂 =
𝐶−𝐶∞
𝐶𝑤−𝐶∞
   (5) 
The non-dimensional compiled nonlinear ordinary differential equations are as follows, 
𝑓 ′′′  𝜂 + 𝑓 𝜂 𝑓 ′′  𝜂 + 𝐺𝑟𝜃 𝜂 + 𝐺𝑚𝜑 𝜂 = 0   (6) 
𝜃′′  𝜂 + 𝑃𝑟𝑓 𝜂 𝜃
′ 𝜂 + 𝑃𝑟𝐸𝑐𝑓
′′  2 𝜂 = 0   (7) 
𝜑′′  𝜂    + 𝑆𝑐𝑓 𝜂 𝜑
′ 𝜂 = 0   (8) 
With boundary conditions,  
𝑓 = 𝑓𝑤  , 𝑓
′ = 0 ,𝜃 = 1 ,𝜑 = 1      𝑎𝑡 𝜂 = 0  
𝑓 ′ = 1 ,𝜃 = 0 ,𝜑 = 0        𝑎𝑡  𝜂 → ∝ ,                    (9) 
Where, 
𝑓𝑤 = −𝑣 𝑥  
2𝑥
𝜐𝑈0
is the Suction parameter, 𝐺𝑟 =
2𝑥
𝑈0
2 𝑔𝛽 𝑇𝑤 − 𝑇∞ is the Grashof number,   
𝐺𝑚 =
2𝑥
𝑈0
2 𝑔𝛽
∗ 𝑐𝑤 − 𝑐∞ is the  Modified Grashof number, 𝑃𝑟 =
𝜇𝑐𝑝
𝑘
=
𝜌𝜐 𝑐𝑝
𝑘
   is the Prandtl number, 𝐸𝑐 =
𝑈0
2
𝑐𝑝  𝑇𝑤−𝑇∞  
  
is the Eckert number and 𝑆𝑐 =
𝜐
𝐷𝑚
  is the Schimdt number. 
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4. Analytical Analysis 
Since the solution of sought for the large sanction further transformation can be made as, 
 
𝜉 = 𝜂𝑓𝑤
𝑓 𝜂 = 𝑓𝑤𝐹 𝜉 
𝜃 𝜂 = 𝑓𝑤
2Θ 𝜉 
𝜑 𝜂 = 𝑓𝑤
2Φ 𝜉  
 
 
 
 
           (10) 
Substitute the values we have to produce in the following process 
𝑓 ′ 𝜂 = 𝑓𝑤
2𝐹′ 𝜉  
𝑓 ′′  𝜂 = 𝑓𝑤
3𝐹′′  𝜉  
𝑓 ′′′  𝜂 = 𝑓𝑤
4𝐹′′′  𝜉  
𝜃′ 𝜂  = 𝑓𝑤
3Θ′ 𝜉  
𝜃′′  𝜂  = 𝑓𝑤
4Θ′′  𝜉  
𝜑′ 𝜂 = 𝑓𝑤
3Φ′ 𝜉  
𝜑′′  𝜂 = 𝑓𝑤
4Φ′′  𝜉  
By using the conversion in the equation (7)-(9) we have 
 
𝐹′′′ + 𝐹𝐹′′ + 𝜀𝐺𝑟Θ + 𝜀𝐺𝑚Φ = 0
Θ′′ + 𝑃𝑟𝐹Θ
′ +
1
𝜀
𝑃𝑟𝐸𝑐𝐹
′′ 2 = 0       
Φ′′ + 𝑆𝑐𝐹Φ
′ = 0                              
           (11) 
Since at  𝜂 = 0, 𝑓 = 𝑓𝑤 , 𝑓
′ = 0,𝜃 = 1, 𝑎𝑛𝑑 𝜑 = 1, Hence from (10) we have, 
𝜉 = 0 ;𝐹 = 1;𝐹′ = 0;  Θ = 𝜀;  Φ = 𝜀  
Again, at  𝜂 → ∞,    𝑓 ′ = 1, θ = 0 , 𝑎𝑛𝑑 φ = 0,𝑤𝑒 𝑔𝑒𝑡 ,   𝐹′ =  𝜀;  Θ = 0;  Φ = 0. Therefore, the equation (11) with 
boundary conditions as given below, 
 
𝐹′′′ + 𝐹𝐹′′ + 𝜀𝐺𝑟Θ + 𝜀𝐺𝑚Φ = 0
Θ′′ + 𝑃𝑟𝐹Θ
′ +
1
𝜀
𝑃𝑟𝐸𝑐𝐹
′′ 2 = 0       
Φ′′ + 𝑆𝑐𝐹Φ
′ = 0                              
           (12) 
With corresponding boundary conditions, 
 𝐹 = 1,𝐹
′ = 0, Θ = 𝜀 ,Φ = 𝜀    𝑎𝑡  𝜉 = 0
𝐹′ = 𝜀,Θ = 0 ,Φ = 0                        𝑎𝑡  𝜉 → ∞
  
Now for the large solution  𝑓𝑤 > 1 . If 𝑓𝑤  is very large than 𝜖 will be very small. Therefore, following Singh and 
Dikshit [16], 𝐹,Θ, 𝑎𝑛𝑑 Φ can be expended in terms of the small perturbation quantity 𝜀 as, 
𝐹 𝜉 = 1 + 𝜀𝐹1 𝜉 + 𝜀
2𝐹2 𝜉 + 𝜀
3𝐹3 𝜉 + …………………        (13) 
Θ 𝜉 = 𝜀Θ1 𝜉 + 𝜀
2Θ2 𝜉 + 𝜀
3Θ3 𝜉 + …………………….       (14) 
Φ 𝜉 = 𝜀Φ1 𝜉 + 𝜀
2Φ2 𝜉 + 𝜀
3Φ3 𝜉 + ……………………       (15) 
Taking the 1
st
 order of 𝜀  𝑖. 𝑒, 𝑜(𝜀) from (13)-(15) 
𝐹 𝜉 = 1 + 𝜀𝐹1 𝜉  
𝐹′ 𝜉 = 𝜀𝐹1
′ 𝜉 ,   𝐹′′  𝜉 = 𝜀𝐹1
′′  𝜉 , 𝑎𝑛𝑑  𝐹′′′  𝜉 = 𝜀𝐹1
′′′  𝜉  
And, Θ 𝜉 = 𝜀Θ1 𝜉 ,   Θ
′ 𝜉 = 𝜀Θ1
′  𝜉   ,Θ′′  𝜉 = 𝜀Θ1
′′  𝜉  
Φ 𝜉 = 𝜀Φ1 𝜉 ,   Φ
′ 𝜉 = 𝜀Φ1
′  𝜉 ,Φ′ 𝜉 = 𝜀Φ1
′′  𝜉  
The equation (11) becomes 
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𝜀𝐹′′′ +  1 + 𝜀𝐹1 𝜀𝐹
′′ + 𝜀𝐺𝑟 εΘ1 + 𝜀𝐺𝑚  (𝜀Φ1) = 0
εΘ′′ + 𝑃𝑟 1 + 𝜀𝐹1 𝜀Θ1
′ +
1
𝜀
𝑃𝑟𝐸𝑐𝜀
2𝐹′′ 2 = 0                
𝜀𝜙1
′′ + 𝑆𝑐 1 + 𝜀𝐹1 𝜀Φ1
′ = 0                                            
  
Taking   o 𝜀   we get, 
 
𝐹1
′′′ + 𝐹1
′′ = 0                        
Θ1
′′ + 𝑃𝑟Θ1
′ + 𝑃𝑟𝐸𝑐𝐹1
′′ 2 = 0
Φ1
′′ + 𝑆𝑐Φ1
′ = 0                     
           (16) 
𝑆𝑖𝑛𝑐𝑒 𝑎𝑡, 𝜉 = 0,𝐹 = 1,𝐹′ = 0,Θ = 𝜀 ,Φ = 𝜀   
𝐻𝑒𝑛𝑐𝑒 𝑓𝑟𝑜𝑚  𝐹 = 1 + 𝜀𝐹1,𝐹
′ 𝜉 = 𝜀𝐹1
′ 𝜉 ,Θ 𝜉 = 𝜀Θ1 𝜉 ,Φ 𝜉 = 𝜀Φ1 𝜉  
We have, 𝐹1
′ = 0,Θ1 = 1,Φ1 = 1                                                                                                          
Again since 𝜉 → ∞,   𝐹′ = 𝜀  ,Θ = 0 ,Φ = 0 
Therefore from  𝐹′ 𝜉 = 𝜀𝐹1
′ 𝜉 ,Θ 𝜉 = 𝜀Θ1 𝜉 ,Φ 𝜉 = 𝜀Φ1 𝜉 ,𝐹1
′ =  1,Θ1 = 0,   Φ1 = 0   
Hence for order 𝑜(𝜀) the system (16) becomes  
 
𝐹1
′′′ + 𝐹1
′′ = 0                         
Θ1
′′ + 𝑃𝑟Θ1
′ + 𝑃𝑟𝐸𝑐𝐹1
′′ 2 = 0
Φ1
′′ + 𝑆𝑐Φ1
′ = 0                     
           (17) 
With boundary condition  
 𝐹1 = 0,𝐹1
′ = 0, Θ1 = 1 ,Φ1 = 1          𝑎𝑡, 𝜉 = 0
𝐹1
′ = 1,Θ1 = 0 ,Φ1 = 0                              𝑎𝑡, 𝜉 → ∞  
        (18) 
Now taking the second order of 𝜀 𝑖. 𝑒, 𝑜(𝜀2) from (13)-(15) we have  
𝐹 𝜉 = 1 + 𝜀𝐹1 𝜉 + 𝜀
2𝐹2 𝜉 ,  
𝐹′ 𝜉 = 𝜀𝐹1
′ 𝜉 + 𝜀2𝐹2
′ 𝜉 , 
𝐹′′  𝜉 = 𝜀𝐹1
′′  𝜉 + 𝜀2𝐹2
′′  𝜉 , 
𝐹′′′  𝜉 = 𝜀𝐹1
′′′  𝜉 + 𝜀2𝐹2
′′′  𝜉 . 
And,Θ 𝜉 = 𝜀Θ1 𝜉 + 𝜀
2Θ2 𝜉 , 
Θ′ 𝜉 = 𝜀Θ1
′  𝜉 + 𝜀2Θ2
′  𝜉 , 
Θ′′  𝜉 = 𝜀Θ1
′′  𝜉 + 𝜀2Θ2
′′  𝜉 . 
Again,Φ 𝜉 = 𝜀Φ1 𝜉 + 𝜀
2Φ2 𝜉 ,  
Φ′ 𝜉 = 𝜀Φ1
′  𝜉 + 𝜀2Φ2
′  𝜉 , 
Φ′′  𝜉 = 𝜀Φ1
′′  𝜉 + 𝜀2Φ2
′′  𝜉 . 
Substituting these values into (12) and we get,  
𝜀𝐹1
′′′ + 𝜀2𝐹2
′′′ +  1 + 𝜀𝐹1 + 𝜀
2𝐹2  𝜀𝐹1
′′ + 𝜀2𝐹2
′′  + 𝜀𝐺𝑟 εΘ1 + ε
2Θ2 + 𝜀𝐺𝑚  𝜀Φ1 + ε
2Φ2 = 0 
εΘ1
′′ + 𝜀2Θ2
′′ + 𝑃𝑟 1 + 𝜀𝐹1 + 𝜀
2𝐹2 .  𝜀Θ1
′ + 𝜀2Θ2
′  +
1
𝜀
𝑃𝑟𝐸𝑐 𝜀𝐹1
′′ + 𝜀2𝐹2
′′  = 0 
εΦ1
′′ + 𝜀2Φ2
′′ + 𝑆𝑐 1 + 𝜀𝐹1 + 𝜀
2𝐹2 +  𝜀Φ1
′ + 𝜀2Φ2
′  = 0 
Taking 𝑜(𝜀2) we obtain  
 
𝐹2
′′′ + 𝐹2
′′ + 𝐹1𝐹1
′′ + 𝐺𝑟Θ1 + 𝐺𝑚Φ1 = 0
Θ2
′′ + 𝑃𝑟 𝐹1Θ1
′ + Θ2
′ + 2𝐸𝑐𝐹1
′′ 𝐹2
′′  = 0     
Φ2
′′ + 𝑆𝑐 Φ2
′ + 𝐹1
′Φ1
′  = 0                           
          (19) 
Since at 𝜉 = 0,       𝐹 = 1,         𝐹′ = 0, Θ = 𝜀 ,Φ = 𝜀 
Hence from,  𝐹 = 1 + 𝜀𝐹1 + 𝜀
2𝐹2  ;   𝐹
′ = 𝜀𝐹1
′ + 𝜀2𝐹2
′  
                                                                                                                                                                    ISSN: 2456-6438                                                                                    
                              jprmpceditor@scischolars.com              Online Publication Date: December 15, 2016              Volume 1, No. 1 
Volume 1, No. 1 available at www.scischolars.com/journals/index.php/jprmpc/issue/archive                                            19                                                                                           
Θ = 𝜀Θ1 + 𝜀
2Θ2   𝑎𝑛𝑑,     Φ = 𝜀Φ1 + 𝜀
2Φ2 
𝐹2 = 0,𝐹2
′ = 0,Θ2 = 0,Φ2 = 0             
Again at, 𝜉 → ∞,   𝐹′ = 𝜀  ,Θ = 0 ,Φ = 0 
Therefore from 𝐹′ = 𝜀𝐹1
′ + 𝜀2𝐹2
′ , Θ = 𝜀Θ1 + 𝜀
2Θ2 ,Φ = 𝜀Φ1 + 𝜀
2Φ2               
We have,   𝜀 = 𝜀 ∙ 1 + 𝜀2𝐹2
′  
𝐹2
′ = 0,Θ2 = 0,Φ2 = 0 
Hence for 𝑜(𝜀2) the system (19) becomes 
 
𝐹2
′′′ + 𝐹2
′′ + 𝐹1𝐹1
′′ + +𝐺𝑟Θ1 + 𝐺𝑚Φ1 = 0
Θ2
′′ + 𝑃𝑟 𝐹1Θ1
′ + Θ2
′ + 2𝐸𝑐𝐹1
′′ 𝐹2
′′  = 0    
Φ2
′′ + 𝑆𝑐 Φ2
′ + 𝐹1
′Φ1
′  = 0                         
          (20) 
With boundary condition  
 𝐹2 = 0,𝐹2
′ = 0,Θ2 = 0,Φ2 = 0     𝑎𝑡  𝜉 = 0
𝐹2
′ = 0,Θ2 = 0,Φ2 = 0                  𝑎𝑡  𝜉 → ∞ 
         (21) 
Now taking the 3
rd
 order of 𝜀  𝑖. 𝑒,   𝑜(𝜀3) from (13)-(15), we have   
𝐹 𝜉 = 1 + 𝜀𝐹1 𝜉 + 𝜀
2𝐹2 𝜉 + 𝜀
3𝐹3 𝜉  
𝐹′ 𝜉 = 1 + 𝜀𝐹1
′ 𝜉 + 𝜀2𝐹2
′ 𝜉 + 𝜀3𝐹3
′ 𝜉  
𝐹′′  𝜉 = 1 + 𝜀𝐹1
′′  𝜉 + 𝜀2𝐹2
′′  𝜉 + 𝜀3𝐹3
′′  𝜉  
𝐹′′′  𝜉 = 1 + 𝜀𝐹1
′′′  𝜉 + 𝜀2𝐹2
′′′  𝜉 + 𝜀3𝐹3
′′′  𝜉  
Θ 𝜉 = 𝜀Θ1 𝜉 + 𝜀
2Θ2 𝜉 + 𝜀
3Θ3 𝜉  
Θ′ 𝜉 = 𝜀Θ1
′  𝜉 + 𝜀2Θ2
′  𝜉 + 𝜀3Θ3
′  𝜉  
Θ′′  𝜉 = 𝜀Θ1
′′  𝜉 + 𝜀2Θ2
′′  𝜉 + 𝜀3Θ3
′′  𝜉  
Φ 𝜉 = 𝜀Φ1 𝜉 + 𝜀
2Φ2 𝜉 + 𝜀
3Φ3(𝜉) 
Φ′ 𝜉 = 𝜀Φ1
′  𝜉 + 𝜀2Φ2
′  𝜉 + 𝜀3Φ3
′ (𝜉) 
Φ′′  𝜉 = 𝜀Φ1
′′  𝜉 + 𝜀2Φ2
′′  𝜉 + 𝜀3Φ3
′′ (𝜉) 
Substituting these values (12) we get, 
 𝜀𝐹1
′′′ + 𝜀2𝐹2
′′′ + 𝜀3𝐹3
′′′  +  1 + 𝜀𝐹1 + 𝜀
2𝐹2 + 𝜀
3𝐹3  𝜀𝐹1
′′ + 𝜀2𝐹2
′′ + 𝜀3𝐹3
′′  + 𝜀𝐺𝑟 εΘ1 + ε
2Θ2 + ε
3Θ3 
+ 𝜀𝐺𝑚  𝜀Φ1 + ε
2Φ2 + ε
3Φ3 = 0   
(εΘ1
′′ + 𝜀2Θ2
′′ + 𝜀3Θ3
′′ ) + 𝑃𝑟 1 + 𝜀𝐹1 + 𝜀
2𝐹2 + 𝜀
3𝐹3 .  𝜀Θ1
′ + 𝜀2Θ2
′ + 𝜀3Θ3
′  +
1
𝜀
𝑃𝑟𝐸𝑐(𝜀𝐹1
′′ + 𝜀2𝐹2
′′ + 𝜀3𝐹3
′′ ) = 0      
 εΦ1
′′ + 𝜀2Φ2
′′ + 𝜀3Φ3
′′  + 𝑆𝑐 1 + 𝜀𝐹1 + 𝜀
2𝐹2 + 𝜀
3𝐹3 +  𝜀Φ1
′ + 𝜀2Φ2
′ + 𝜀3Φ3
′  = 0  
Taking 𝑜(𝜀3) we get, 
 
𝐹3
′′′ + 𝐹3
′′ + 𝐹1𝐹2
′′ + 𝐹2𝐹1
′′ + +𝐺𝑟Θ2 + 𝐺𝑚Φ2 = 0               
Θ3
′′ + 𝑝𝑟 Θ3
′ + 𝐹1Θ2
′ + 𝐹2Θ1
′  + 𝑝𝑟𝐸𝑐 𝐹2
′′ 2 + 2𝐹1
′′𝐹3
′′  = 0
Φ3
′′ + 𝑆𝑐 Φ3
′ + 𝐹1Φ1
′  = 0                                                           
        (22) 
𝑠𝑖𝑛𝑐𝑒 𝑎𝑡  𝜉 = 0,       𝐹 = 1,         𝐹′ = 0, Θ = 𝜀 ,Φ = 𝜀  
Hence from 𝐹 = 1 + 𝜀𝐹1 + 𝜀
2𝐹2 + 𝜀
3𝐹3,𝐹
′ = 𝜀𝐹1
′ + 𝜀2𝐹2
′ + 𝜀3𝐹3
′  
Θ = 𝜀Θ1 + 𝜀
2Θ2 + 𝜀
3Θ3;   Φ = 𝜀Φ1 + 𝜀
2Φ2 + 𝜀
3Φ3 
𝐹3 = 0,𝐹3
′ = 0,Θ3 = 0,Φ3 = 0 
Again since at 𝜉 → ∞,   𝐹′ = 𝜀  ,Θ = 0 ,Φ = 0 
There from                                
𝐹′ = 𝜀𝐹1
′ + 𝜀2𝐹2
′ + 𝜀3𝐹3
′  
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Θ = 𝜀Θ1 + 𝜀
2Θ2 + 𝜀
3Θ3 
Φ = 𝜀Φ1 + 𝜀
2Φ2 + 𝜀
3Φ3 
𝐹3
′ = 0,Θ3 = 0,Φ3 = 0 
Hence for 𝑜(𝜀2) the system (18) becomes 
 
𝐹3
′′′ + 𝐹3
′′ + 𝐹1𝐹2
′′ + 𝐹2𝐹1
′′ + +𝐺𝑟Θ2 + 𝐺𝑚Φ2 = 0               
Θ3
′′ + 𝑝𝑟 Θ3
′ + 𝐹1Θ2
′ + 𝐹2Θ1
′  + 𝑝𝑟𝐸𝑐 𝐹2
′′ 2 + 2𝐹1
′′𝐹3
′′  = 0
Φ3
′′ + 𝑆𝑐 Φ3
′ + 𝐹1Φ1
′  = 0                                                           
        (23) 
And the corresponding boundary conditions are  
 𝐹3 = 0,𝐹3
′ = 0,Θ3 = 0,Φ3 = 0 𝑎𝑡  𝜉 = 0
𝐹3
′ = 0,Θ3 = 0,Φ3 = 0 𝑎𝑡  𝜉 → ∞             
          (24) 
5. Analytical Solutions 
Let us try to solve the equations (17), (20) and (23) consider the equation (17) and (18) we have, 
𝐹1
′′′ + 𝐹1
′′ = 0              (25) 
Θ1
′′ + 𝑃𝑟Θ1
′ + 𝑃𝑟𝐸𝑐𝐹1
′′ 2 = 0          (26) 
Φ1
′′ + 𝑆𝑐Φ1
′ = 0             (27) 
With boundary condition  
 𝐹1 = 0, 𝐹1
′ = 0, Θ1 = 1  𝑎𝑛𝑑  Φ1 = 1 𝑎𝑡 𝜉 = 0
𝐹1
′ = 1,Θ1 = 0  𝑎𝑛𝑑  Φ1 = 0      𝑎𝑡    𝜉 → 0                     
        (28) 
Let 𝐹1 = 𝜀
𝑚𝜉  be the trial solution of the homogeneous linear differential equation (25) 
𝐹1
′′ = 𝑚2𝑒𝑚𝜉    𝑎𝑛𝑑 𝐹1
′′′ = 𝑚3𝑒𝑚𝜉  
Thus, we have the auxiliary equation as, 
 𝑚3 + 𝑚2 𝑒𝑚𝜉 = 0    
𝑜𝑟,  𝑚3 + 𝑚2 = 0                
𝑜𝑟,   𝑚2 𝑚 + 1 = 0                
∴ 𝑚 = 0,0,−1                
Hence the solution is, 
𝐹1 = 𝐶1𝑒
0.𝜉 + 𝜉𝐶2𝑒
0.𝜉 + 𝐶3𝑒
−1.𝜉  
𝑜𝑟,𝐹1 = 𝐶1 + 𝜉𝐶2 + 𝐶3𝑒
−𝜉  
∴ 𝐹1
′ = 𝐶2 − 𝐶3𝑒
−𝜉  
Applying the boundary condition equation (28), 
At 𝜉 = 0 , 𝐹1 = 0 𝑎𝑛𝑑 𝐹1
′ = 0 then we have, 𝐶3 = −𝐶1and 𝐶2 = 𝐶3 
Also since, at 𝜉 → ∞  ,𝐹1
′ = 1  then we have, 𝐶2 = 1   𝑎𝑛𝑑   𝐶3 = 1 &𝑐1 = −1         
Hence the solution (25) is  
𝐹1 = −1 + 𝜉 + 𝑒
−𝜉  
𝐹1
′ = 1 − 1. 𝑒−𝜉  
𝐹1
′′ = 𝑒−𝜉  
Now the equation  26  we have, 
Θ1
′′ +  𝑃𝑟Θ1
′ = −𝐸𝑟𝑝𝑟 . 𝜉
−
2
3 . 𝑒−2𝜉     [𝑤𝑕𝑒𝑟𝑒 𝐷 =
𝑑
𝑑𝜉
, 𝐹1
′′ 2 = 𝑒−𝜉 ]      (29) 
Since the equation (29) is a non-homogeneous linear differential equation with constant coefficient so the 
complementary function is the solution of the equation,  
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Θ′′ + 𝑝𝑟Θ
′ = 0 
Let  Θ1 = 𝑒
𝑚𝜉  𝑏𝑒 𝑡𝑕𝑒 𝑡𝑟𝑖𝑙 𝑠𝑜𝑙𝑢𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑕𝑒 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛  
𝑡𝑕𝑒𝑟𝑒𝑓𝑜𝑟𝑒,Θ1
′ = 𝑚𝑒𝑚𝜉 𝑎𝑛𝑑 Θ1
′′ = 𝑚2𝑒𝑚𝜉  
Thus, we have the auxiliary equation as,  
 𝑚2 + 𝑚𝑝𝑟 𝑒
𝑚𝜉 = 0 
𝑤𝑒 𝑕𝑎𝑣𝑒,𝑚 = 0;𝑚 = −𝑝𝑟  
Θ1 = 𝑐1𝑒
0.𝜉 + 𝑐2𝑒
−𝑝𝑟 .𝜉  
Θ1 = 𝑐1 + 𝑐2𝑒
−𝑝𝑟 .𝜉  
Applying the boundary condition, equation (28), 
At 𝜉 = 0,Θ1 = 1 𝑎𝑛𝑑 𝑎𝑡   𝜉 → ∞,    Θ1 = 0 
𝐶1 = 0 𝑎𝑛𝑑 𝐶2 = 1 
Again 
Θ1 = 𝑒
−𝑃𝑟𝜉  
Therefore, the complement function of (29), 
𝐶.𝐹 = 𝑒−𝑃𝑟𝜉  
And the particular integral of the equation (29), 
𝑃. 𝐼 =
1
𝐷2 + 𝑃𝑟𝐷
(𝐸𝑐𝑃𝑟𝑒
−2𝜉) =
𝐸𝑐𝑃𝑟𝑒
−2𝜉
2𝑃𝑟 − 4
= 𝐴11𝑒
−2𝜉  
Hence the solution of equation (29) is obtained as,  
Θ1 = 𝐶.𝐹 + 𝑃. 𝐼 = 𝑒
−𝑃𝑟𝜉 + 𝐴11𝑒
−2𝜉  
Again, from the equation (29), 
Φ1
′′ + 𝑆𝑐Φ1
′ = 0 
 𝑀2 + 𝑆𝑐𝑀 Φ1 = 0 
Let, Φ1 = 𝑒
𝑚𝜉  be the trial solution of the equation 
𝑇𝑕𝑒𝑟𝑒𝑓𝑜𝑟𝑒,Φ1
′ = 𝑚𝑒𝑚𝜉  𝑎𝑛𝑑 Φ1
′′ = 𝑚2𝑒𝑚𝜉 . Thus, we have the auxiliary equation as, 
 𝑚2 + 𝑚𝑆𝑐 𝑒
𝑚𝜉 = 0 
𝑚 = 0,−𝑆𝑐  
𝑎𝑛𝑑Φ1 = 𝐶1 + 𝐶2𝑒
−𝑆𝑐𝜉  
Applying the boundary condition (28) at, 
𝜉 = 0,Φ1 = 1 𝑎𝑛𝑑 𝑎𝑡 𝜉 → ∞,Φ1 = 0      
𝐶1 = 0,𝐶2 = 1                                                                                                             
Φ1
′ = −𝑆𝑐𝑒
−𝑠𝑐𝜉  
Therefore the solution of the equation (25), (26) and (27) 
𝐹1 = −1 + 𝜉 + 𝑒
−𝜉 , Θ1 = 𝑒
−𝑃𝑟𝜉 + 𝐴11𝑒
−2𝜉  𝑎𝑛𝑑  Φ1 = 𝑒
−𝑠𝑐𝜉  
Therefore the solution of the equation  23 𝑎𝑛𝑑 (24) 
𝐹2
′′′ + 𝐹2
′′ + 𝐹1𝐹1
′′ + +𝐺𝑟Θ1 + 𝐺𝑚Φ1 = 0         (30) 
Θ2
′′ + 𝑃𝑟 𝐹1Θ1
′ + Θ2
′ + 2𝐸𝑐𝐹1
′′ 𝐹2
′′  = 0          (31) 
Φ2
′′ + 𝑆𝑐 Φ2
′ + 𝐹1
′Φ1
′  = 0             (32) 
With boundary condition  
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 𝐹2 = 0, 𝐹2
′ = 0, Θ2 = 0  𝑎𝑛𝑑  Φ2 = 0   𝑎𝑡 𝜉 = 0
𝐹2
′ = 0,Θ2 = 0  𝑎𝑛𝑑  Φ2 = 0      𝑎𝑡    𝜉 → ∞
         (33) 
Now the equation (30) becomes, 
𝐹2
′′′ + 𝐹2
′′ +  −1 + 𝜉 + 𝑒−𝜉  𝑒−𝜉 + 𝐺𝑟 𝑒
−𝑝𝑟𝜉 + 𝐴11𝑒
−2𝜉 + 𝐺𝑚  𝑒
−𝑠𝑐𝜉 = 0   
𝐹2
′′′ + 𝐹2
′′ −  𝑒−𝜉 + 𝜉𝑒−𝜉 + 𝑒−2𝜉 + 𝐺𝑟𝑒
−𝑝𝑟𝜉 + Gr𝐴11𝑒
−2𝜉 + 𝐺𝑚 𝑒
−𝑠𝑐𝜉 = 0  
𝐹2
′′′ + 𝐹2
′′ =  𝑒−𝜉 − 𝜉𝑒−𝜉 − 𝐺𝑟𝑒
−𝑝𝑟𝜉 − 𝐺𝑚  𝑒
−𝑠𝑐𝜉 −  1 + GrA11 𝑒
−2𝜉 = 0   
 𝐷3 + 𝐷2 𝐹2 =  𝑒
−𝜉 − 𝜉𝑒−𝜉 − 𝐺𝑟𝑒
−𝑝𝑟𝜉 − 𝐺𝑚  𝑒
−𝑠𝑐𝜉 −  1 + GrA11 𝑒
−2𝜉 = 0     (34) 
For the complementary function (C.F). Let 𝐹2 = 𝑒
𝑚𝜉  be the solution of the equation  
 𝐷3 + 𝐷2 𝐹2 = 0 
We have  𝐹2
′ = 𝑚𝑒𝑚𝜉 ,𝐹2
′′ = 𝑚2𝑒𝑚𝜉 , 𝑎𝑛𝑑 𝐹2
′′′ = 𝑚3𝑒𝑚𝜉  
 𝑚3 + 𝑚2 𝑒𝑚𝜉 = 0 
𝑚 = 0,0,−1 
Hence 𝐹2 = 𝐶1𝑒
0.𝜉 + 𝜉𝐶2𝑒
0.𝜉 + 𝐶3𝑒
−1.𝜉  
𝐹2
′ = 𝐶2 − 𝐶3𝑒
−𝜉  
Applying the boundary condition  
𝑎𝑡  𝜉 = 0 , 𝐹2 = 0, 𝐹2
′ = 0 
𝑎𝑡   𝜉 → ∞, 𝐹2
′ = 0                      
𝑤𝑒  𝑕𝑎𝑣𝑒,   0 = 𝐶1 + 𝐶3    𝑎𝑛𝑑  𝐶2 = 𝐶3 
𝑎𝑙𝑠𝑜     𝐶1 = 𝐶2 = 𝐶3 = 0                                                                                                     
Therefore, the complementary function of (34) is  𝐶.𝐹 = 0 
Now we need to find the particular integral of (34), 
∴ 𝑃. 𝐼 =
1
𝐷3 + 𝐷2
 𝑒−𝜉 − 𝜉𝑒−𝜉 − 𝐺𝑟𝑒
−𝑃𝑟𝜉 − 𝐺𝑚𝑒
𝑆𝑐𝜉 − (1 + 𝐺𝑟𝐴11)𝑒
−2𝜉   
= −3𝑒−𝜉 − 𝜉𝑒−𝜉 −
1
2
𝜉2𝑒−𝜉 + 𝐴21𝑒
−𝑃𝑟𝜉 + 𝐴21
′ 𝑒−𝑆𝑐𝜉 + 𝐴22𝑒
−2𝜉  
Hence the solution of (30) is obtained as, 
𝐹2 = 𝐶.𝐹 + 𝑃. 𝐼                                                                                                         
𝐹2 = −3𝑒
−𝜉 − 𝜉𝑒−𝜉 −
1
2
𝜉2𝑒−𝜉 + 𝐴21𝑒
−𝑃𝑟𝜉 + 𝐴21
′ 𝑒−𝑆𝑐𝜉 + 𝐴22𝑒
−2𝜉  
Also, we have, 
𝐹2
′ = 2𝑒−𝜉 +
1
2
𝜉2𝑒−𝜉 − 𝑃𝑟𝐴21𝑒
−𝑃𝑟𝜉 − 𝑆𝑐𝐴21
′ 𝑒−𝑆𝑐𝜉 − 2𝐴22𝑒
−2𝜉  
𝐹2
′′ = −2𝑒−𝜉 + 𝜉𝑒−𝜉 −
1
2
𝜉2𝑒−𝜉 + 𝑃𝑟
2𝐴21𝑒
−𝑃𝑟𝜉 + 𝑆𝑐
2𝐴21
′ 𝑒−𝑆𝑐𝜉 + 4𝐴22𝑒
−2𝜉  
Now from the equation (31), 
Θ2
′′ + 𝑃𝑟 𝐹1Θ1
′ + Θ2
′ + 2𝐸𝑐𝐹1
′′ 𝐹2
′′  = 0                                                                                               
Θ2
′′ + 𝑃𝑟   −1 + 𝜉 + 𝑒
−𝜉  −𝑃𝑟𝑒
−𝑃𝑟𝜉 − 2𝐴11𝑒
−2𝜉 + Θ2
′
+ 2𝐸𝑐𝑒
−𝜉  −2𝑒−𝜉 + 𝜉𝑒−𝜉 −
1
2
𝜉2𝑒−𝜉 + 𝑃𝑟
2𝐴21𝑒
−𝑃𝑟𝜉 + 𝑆𝑐
2𝐴21
′ 𝑒−𝑆𝑐𝜉 + 4𝐴22𝑒
−2𝜉   = 0  
 𝐷2 + 𝑝𝑟𝐷 Θ2 = 𝐴24𝑒
−3𝜉 + 𝐴23𝑒
−𝜉 𝑝𝑟+1 + 𝐴23
′ 𝑒−𝜉(𝑆𝑐+1) − 𝑝𝑟
2 1 − 𝜉 𝑒−𝑝𝑟𝜉 − 2𝑝𝑟 1 − 𝜉 𝐴11𝑒
−2𝜉 − 𝐴25  −2 + 𝜉 −
1
2
𝜉2 𝑒−2𝜉             (35) 
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For the complementary function (C.F). Let 𝜃2 = 𝑒
𝑚𝜉  be the solution of the equation  
 𝐷2 + 𝑝𝑟𝐷 Θ2 = 0                                                                  
Θ2
′ = 𝑚𝑒𝑚𝜉   𝑎𝑛𝑑  Θ2
′′ = 𝑚2𝑒𝑚𝜉  
We obtain the auxiliary equation,  
 𝑚2 + 𝑝𝑟𝑚 𝑒
𝑚𝜉 = 0 
𝑚 = 0,   𝑚 = −𝑝𝑟  
𝑕𝑒𝑛𝑐𝑒,    Θ2 = 𝐶1𝑒
0.𝜉 + 𝐶2𝑒
−𝑝𝑟 .𝜉  
Θ2 = 𝐶1 + 𝐶2𝑒
−𝑝𝑟 .𝜉  
Applying the boundary condition, 
𝑎𝑡  𝜉 = 0,Θ2 = 0   𝑎𝑛𝑑 𝜉 → ∞        Θ2 = 0   
𝑤𝑒 𝑕𝑎𝑣𝑒, 0 = 𝐶1 + 𝐶2     𝑎𝑛𝑑  0 = 𝐶1 −
𝐶2
𝑒∞
 
𝐶1 = 𝐶2 = 0                                     
Therefore, the complementary function of (35) is    𝐶.𝐹 = 0 
Now we need to find the particular integral of (35)  
𝑃. 𝐼 =
1
𝐷2 + 𝑝𝑟𝐷
[𝐴24𝑒
−3𝜉 + 𝐴23𝑒
−𝜉 𝑝𝑟+1 + 𝐴23
′ 𝑒−𝜉 𝑆𝑐+1 − 𝑝𝑟
2 1 − 𝜉 𝑒−𝑝𝑟𝜉 − 2𝑝𝑟 1 − 𝜉 𝐴11𝑒
−2𝜉
− 𝐴25  −2 + 𝜉 −
1
2
𝜉2 𝑒−2𝜉  ] 
= 𝐴26𝑒
−3𝜉 +  𝐵12 + 𝐵13𝜉 + 𝐵14𝜉
2 𝑒−2𝜉 +  𝐴28 + 𝐴29𝜉 − 𝐵11𝜉
2 𝑒−𝑝𝑟𝜉 + 𝐴27𝑒
−𝜉 𝑝𝑟+1 + 𝐴27
′ 𝑒−𝜉(𝑆𝑐+1) 
Hence the solution of the equation (35) is  
Θ2 = 𝐶.𝐹 + 𝑃. 𝐼 
= 𝐴26𝑒
−3𝜉 +  𝐵12 + 𝐵13𝜉 + 𝐵14𝜉
2 𝑒−2𝜉 +  𝐴28 + 𝐴29𝜉 − 𝐵11𝜉
2 𝑒−𝑝𝑟𝜉 + 𝐴27𝑒
−𝜉 𝑝𝑟+1 + 𝐴27
′ 𝑒−𝜉(𝑆𝑐+1) 
Again from (32)  
Φ2
′′ + 𝑆𝑐 Φ2
′ + 𝐹1
′Φ1
′  = 0    
Φ2
′′ + 𝑆𝑐Φ2
′ = −𝑆𝑐 −1 + 𝜉 + 𝑒
−𝜉  −𝑆𝑐𝑒
−𝑠𝑐𝜉  
 𝐷2 + 𝑆𝑐𝐷 Φ2 = 𝑆𝑐
2 𝜉 − 1 𝑒−𝑠𝑐𝜉 + 𝑆𝑐
2𝑒−𝜉 𝑠𝑐+1         (36) 
For the complementary function (C.F) let, 
Φ2 = 𝑒
𝑚𝜉  be the solution of the equation  𝐷2 + 𝑆𝑐𝐷 Φ2 = 0 
𝑤𝑒 𝑕𝑎𝑣𝑒, Φ2
′ = 𝑚𝑒𝑚𝜉 ,       Φ2
′′ = 𝑚2𝑒𝑚𝜉  
We obtain the auxiliary equation, 
 𝑚2 + 𝑆𝑐𝑚 𝑒
𝑚𝜉 = 0 
𝑚 𝑚 + 𝑆𝑐 = 0       
𝑚 = 0,−𝑆𝑐  
Hence,  Φ2 = 𝐶1 + 𝐶2𝑒
−𝑠𝑐𝜉  
Applying the boundary condition  
𝑎𝑡 𝜉 = 0,Φ2 = 0   𝑎𝑛𝑑 𝜉 → ∞        Φ2 = 0    
𝑤𝑒 𝑕𝑎𝑣𝑒,   𝐶1 = 𝐶2 = 0  
Therefore, the complementary function of (36) 𝐶.𝐹 = 0 
Now we have to find the 𝑃. 𝐼  𝑜𝑓 (36) 
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𝑃. 𝐼 =  
1
𝐷2 + 𝑆𝑐𝐷
[𝑆𝑐
2 𝜉 − 1 𝑒−𝑠𝑐𝜉 + 𝑆𝑐
2𝑒−𝜉 𝑠𝑐+1 ]    
=
1
𝐷2 + 𝑆𝑐𝐷
 𝑆𝑐
2 𝜉 − 1 𝑒−𝑠𝑐𝜉  +
1
𝐷2 + 𝑆𝑐𝐷
 𝑆𝑐
2𝑒−𝜉 𝑠𝑐+1   
=  1 + 𝐶13 + 𝐶12𝜉 + 𝐶11𝜉
2 𝑒−𝑠𝑐𝜉 + 𝐶14𝑒
−𝜉 𝑠𝑐+1  
Φ2 = 𝐶.𝐹 + 𝑃. 𝐼 =  1 + 𝐶13 + 𝐶12𝜉 + 𝐶11𝜉
2 𝑒−𝑠𝑐𝜉 + 𝐶14𝑒
−𝜉 𝑠𝑐+1  
Therefore the solution of (30)-(32) are 
𝐹2 = −3𝑒
−𝜉 − 𝜉𝑒−𝜉 −
1
2
𝜉2𝑒−𝜉 + 𝐴21𝑒
−𝑃𝑟𝜉 + 𝐴21
′ 𝑒−𝑆𝑐𝜉 + 𝐴22𝑒
−2𝜉  
Θ2 = 𝐴26𝑒
−3𝜉 +  𝐵12 + 𝐵13𝜉 + 𝐵14𝜉
2 𝑒−2𝜉 +  𝐴28 + 𝐴29𝜉 − 𝐵11𝜉
2 𝑒−𝑝𝑟𝜉 + 𝐴27𝑒
−𝜉 𝑝𝑟+1 + 𝐴27
′ 𝑒−𝜉(𝑆𝑐+1) 
Φ2 = 𝐶.𝐹 =  1 + 𝐶13 + 𝐶12𝜉 + 𝐶11𝜉
2 𝑒−𝑠𝑐𝜉 + 𝐶14𝑒
−𝜉 𝑠𝑐+1  
The Constance 𝐴𝑖𝑗 ,𝐵𝑖𝑗  𝑎𝑛𝑑 𝐶𝑖𝑗   we use above that appear in the above equations are shown in the Appendix A 
for convenience. Now the functions are, 
𝐹1 = −1 + 𝜉 + 𝑒
−𝜉 ,  
Θ1 = 𝑒
−𝑃𝑟𝜉 + 𝐴11𝑒
−2𝜉  
Φ1 = 𝑒
−𝑠𝑐𝜉  
𝐹2 = −3𝑒
−𝜉 − 𝜉𝑒−𝜉 −
1
2
𝜉2𝑒−𝜉 + 𝐴21𝑒
−𝑃𝑟𝜉 + 𝐴21
′ 𝑒−𝑆𝑐𝜉 + 𝐴22𝑒
−2𝜉  
Θ2 = 𝐴26𝑒
−3𝜉 +  𝐵12 + 𝐵13𝜉 + 𝐵14𝜉
2 𝑒−2𝜉 +  𝐴28 + 𝐴29𝜉 − 𝐵11𝜉
2 𝑒−𝑝𝑟𝜉 + 𝐴27𝑒
−𝜉 𝑝𝑟+1 + 𝐴27
′ 𝑒−𝜉(𝑆𝑐+1) 
Φ2 = 𝐶.𝐹 =  1 + 𝐶13 + 𝐶12𝜉 + 𝐶11𝜉
2 𝑒−𝑠𝑐𝜉 + 𝐶14𝑒
−𝜉 𝑠𝑐+1  
Are obtained, the velocity, the temperature and the concentration distribution can be found from the following 
relations; 
Velocity distribution: 
𝑢
𝑈°
= 𝑓 ′ 𝜂 = 𝑓𝑤
2𝐹′ 𝜉 =
1
𝜉
 𝜀𝐹1
′ 𝜉 + 𝜀2𝐹2
′ 𝜉  = 𝐹1
′ 𝜉 + 𝜀𝐹2
′ 𝜉  
𝑓 ′ 𝜂 = 𝐹1
′ 𝜉 + 𝜀𝐹2
′ 𝜉            (37) 
Temperature distribution: 
𝑇 − 𝑇∞
𝑇𝑤 − 𝑇∞
= 𝜃 𝜂 = 𝑓𝑤
2Θ 𝜉 =
1
𝜀
 𝜀Θ1 𝜉 + 𝜀
2Θ2 𝜉   
𝜃 𝜂 = Θ1 𝜉 + 𝜀Θ2 𝜉            (38) 
Concentration distribution: 
𝐶 − 𝐶∞
𝐶𝑤 − 𝐶∞
= 𝜑 𝜂 = 𝑓𝑤
2Φ 𝜉 =
1
𝜀
 𝜀Φ1 𝜉 + 𝜀
2Φ2 𝜉   
𝜑 𝜂 = Φ1 𝜉 + 𝜀Φ2 𝜉            (39) 
Now from equation  37 − (39) we have, 
𝑓 ′ 𝜂 =  1 − 𝑒−𝜉 +
1
𝑓𝑤
2  2𝑒
−𝜉 +
1
2
𝜉2𝑒−𝜉 − 𝑃𝑟𝐴21𝑒
−𝑃𝑟𝜉 − 𝑆𝑐𝐴21
′ 𝑒−𝑆𝑐𝜉 − 2𝐴22𝑒
−2𝜉     (40) 
𝜃 𝜂 =  𝑒−𝑃𝑟𝜉 + 𝐴11𝑒
−2𝜉 
1
𝑓𝑤2
[𝐴26𝑒
−3𝜉 +  𝐵12 + 𝐵13𝜉 + 𝐵14𝜉
2 𝑒−2𝜉  
              + 𝐴28 + 𝐴29𝜉 − 𝐵11𝜉
2 𝑒−𝑝𝑟𝜉 + 𝐴27𝑒
−𝜉 𝑝𝑟+1 + 𝐴27
′ 𝑒−𝜉 𝑆𝑐+1 ](41) 
𝜑 𝜂 = 𝑒−𝑠𝑐𝜉 +
1
𝑓𝑤
2   1 + 𝐶13 + 𝐶12𝜉 + 𝐶11𝜉
2 𝑒−𝑠𝑐𝜉 + 𝐶14𝑒
−𝜉 𝑠𝑐+1  (42) 
𝑤𝑕𝑒𝑟𝑒, 𝜀 =
1
𝑓𝑤
2. 
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6. Result & Discussions 
The obtained velocity, temperature and concentration distributions are shown graphically in Figs. (2) – (13), 
for different values of the usual parameters as Prandtl number 𝑃𝑟 , Grashof number 𝐺𝑟 , Modified grashof 
number 𝐺𝑚 , Eckert Number 𝐸𝑐 , and Schmdit number 𝑆𝑐 . The velocity as well as temperature distribution are 
however, obtained for 𝑃𝑟 = 0.71 (𝑎𝑖𝑟) and 7.0 (𝑤𝑎𝑡𝑒𝑟) and suction parameter𝑓𝑤 = 3.0. 
In Figure 2, velocity distributions are shown for different values for suction parameters 𝑓𝑤  𝑎𝑡  𝐺𝑟 = 4.0, 𝐺𝑚 =
2.0, 𝐸𝑐 = .01, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝑃𝑟 =  .71.  In this figure, we observe the velocity decreases with the increase of 
suction parameter, 𝑓𝑤 . 
In Figure 3, temperature distributions are shown for different values for suction parameters 𝑓𝑤  𝑎𝑡  𝐺𝑟 = 4.0,
𝐺𝑚 = 2.0, 𝐸𝑐 = .01, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝑃𝑟 =  .71.  In this figure, we observe the temperature decreases with the 
increase of suction parameter, 𝑓𝑤 . 
  
Figure 2. Velocity profiles for different values 
of 𝐟𝐰 𝐰𝐡𝐞𝐫𝐞 𝐆𝐫 = 𝟒.𝟎, 𝐆𝐦 = 𝟐.𝟎, 𝐄𝐜 =.𝟎𝟏, 𝐒𝐜 =
𝟎.𝟔   𝐚𝐧𝐝  𝐏𝐫 = .𝟕𝟏. 
Figure 3. Temperature profiles for different 
values of 𝐟𝐰 𝐰𝐡𝐞𝐫𝐞 𝐆𝐫 = 𝟒.𝟎, 𝐆𝐦 = 𝟐.𝟎, 𝐄𝐜 =
.𝟎𝟏, 𝐒𝐜 = 𝟎.𝟔   𝐚𝐧𝐝  𝐏𝐫 = .𝟕𝟏. 
In Figure 4, the concentration distributions are shown for different values for suction parameters 𝑓𝑤  𝑎𝑡  𝐺𝑟 =
4.0, 𝐺𝑚 = 2.0, 𝐸𝑐 = .01, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝑃𝑟 =  .71.  In this figure, we observe the concentration decreases with 
the increase of suction parameter, 𝑓𝑤 . 
In Figure 5, velocity distributions are shown for different values for Eckert number 𝐸𝑐  𝑎𝑡  𝐺𝑟 = 4.0, 𝐺𝑚 =
2.0, 𝑓𝑤 = 3.0, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝑃𝑟 =  .71. In this figure, we observe that there is no effect on velocity distribution 
as Eckert number, 𝐸𝑐  increases. 
  
Figure 4. Concentration profiles for different 
values of 𝐟𝐰 𝐰𝐡𝐞𝐫𝐞𝐆𝐫 = 𝟒.𝟎,𝐆𝐦 = 𝟐.𝟎, 𝐄𝐜 =
.𝟎𝟏, 𝐒𝐜 = 𝟎.𝟔   𝐚𝐧𝐝  𝐏𝐫 = .𝟕𝟏. 
Figure 5. Velocity profiles for different values 
of 𝐄𝐜 𝐰𝐡𝐞𝐫𝐞 𝐆𝐫 = 𝟒.𝟎, 𝐆𝐦 = 𝟐.𝟎, 𝐟𝐰 = 𝟑.𝟎, 𝐒𝐜 =
𝟎.𝟔   𝐚𝐧𝐝  𝐏𝐫 = .𝟕𝟏. 
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Figure 6. Temperature profiles for different 
values of 𝐄𝐜 𝐰𝐡𝐞𝐫𝐞 𝐆𝐫 = 𝟒.𝟎, 𝐆𝐦 = 𝟐.𝟎, 𝐟𝐰 =
𝟑.𝟎, 𝐒𝐜 = 𝟎.𝟔   𝐚𝐧𝐝  𝐏𝐫 = .𝟕𝟏. 
Figure 7. Concentration profiles for different 
values of 𝐄𝐜 𝐰𝐡𝐞𝐫𝐞 𝐆𝐫 = 𝟒.𝟎,𝐆𝐦 = 𝟐.𝟎, 𝐟𝐰 =
𝟑.𝟎, 𝐒𝐜 = 𝟎.𝟔   𝐚𝐧𝐝  𝐏𝐫 = .𝟕𝟏. 
In Figure 6, temperature distributions are shown for different values for Eckert number 𝐸𝑐  𝑎𝑡  𝐺𝑟 = 4.0, 𝐺𝑚 =
2.0, 𝑓𝑤 = 3.0, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝑃𝑟 =  .71. In this figure, we observe that there is no effect on temperature 
distribution as Eckert number, 𝐸𝑐  increases. 
In Figure 7, concentration distributions are shown for different values for Eckert number 𝐸𝑐  𝑎𝑡  𝐺𝑟 = 4.0, 𝐺𝑚 =
2.0, 𝑓𝑤 = 3.0, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝑃𝑟 =  .71. In this figure, we observe that there is no effect on concentration 
distribution with Eckert number, 𝐸𝑐  increases. 
  
Figure 8. Velocity profiles for different values 
of 𝐏𝐫 𝐰𝐡𝐞𝐫𝐞 𝐆𝐫 = 𝟒.𝟎, 𝐆𝐦 = 𝟐.𝟎, 𝐟𝐰 = 𝟑.𝟎,
𝐒𝐜 = 𝟎.𝟔   𝐚𝐧𝐝  𝐄𝐜 = .𝟎𝟏. 
Figure 9. Temperature profiles for different 
values of 𝐏𝐫 𝐰𝐡𝐞𝐫𝐞 𝐆𝐫 = 𝟒.𝟎, 𝐆𝐦 = 𝟐.𝟎, 𝐟𝐰 =
𝟑.𝟎, 𝐒𝐜 = 𝟎.𝟔   𝐚𝐧𝐝  𝐄𝐜 = .𝟎𝟏. 
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In Figure 8, velocity distributions are shown for different values for Prandtl number 𝑃𝑟  𝑎𝑡  𝐺𝑟 = 4.0, 𝐺𝑚 =
2.0, 𝑓𝑤 = 3.0, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝐸𝑐 =  .01. In this figure, we observe the velocity decreases with the increase of 
Prandtl number 𝑃𝑟 . 
In Figure 9, temperature distributions are shown for different values for Prandtl number 𝑃𝑟  𝑎𝑡  𝐺𝑟 = 4.0, 𝐺𝑚 =
2.0, 𝑓𝑤 = 3.0, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝐸𝑐 =  .01. In this figure, we observe the temperature decreases with the increase 
of Prandtl number 𝑃𝑟 . 
In Figure 10, concentration distributions are shown for different values for Prandtl number 𝑃𝑟  𝑎𝑡  𝐺𝑟 = 4.0,
𝐺𝑚 = 2.0, 𝑓𝑤 = 3.0, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝐸𝑐 =  .01. In this figure, we observe that no effect for concentration 
distribution as increase of Prandtl number 𝑃𝑟 . 
In Figure 11, velocity distributions are shown for different values for Grashof number 𝐺𝑟  𝑎𝑡  𝑃𝑟 = 0.71, 𝐺𝑚 =
2.0, 𝑓𝑤 = 3.0, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝐸𝑐 =  .01. In this figure, we observe that velocity increases with the increases of 
Grashof number 𝐺𝑟 . 
In Figure 12, temperature distributions are shown for different values for Grashof number 𝐺𝑟  𝑎𝑡  𝑃𝑟 = 0.71,
𝐺𝑚 = 2.0, 𝑓𝑤 = 3.0, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝐸𝑐 =  .01. In this figure, we observe that there is no effect for temperature 
with the increase of Grashof number 𝐺𝑟 . 
In Figure 13, concentration distributions are shown for different values for Grashof number 𝐺𝑟  𝑎𝑡  𝑃𝑟 = 0.71,
𝐺𝑚 = 2.0, 𝑓𝑤 = 3.0, 𝑆𝑐 = 0.6   𝑎𝑛𝑑  𝐸𝑐 =  .01. In this figure, we observe that there is no effect of concentration 
with the increase of Grashof number 𝐺𝑟 . 
  
Figure 12. Temperature profiles for different 
values of  𝐆𝐫 𝐰𝐡𝐞𝐫𝐞 𝐏𝐫 = 𝟎.𝟕𝟏,𝐆𝐦 = 𝟐.𝟎, 𝐟𝐰 =
𝟑.𝟎, 𝐒𝐜 = 𝟎.𝟔   𝐚𝐧𝐝  𝐄𝐜 = .𝟎𝟏. 
Figure 13. Concentration profiles for different 
values of 𝐆𝐫 𝐰𝐡𝐞𝐫𝐞 𝐏𝐫 = 𝟎.𝟕𝟏,𝐆𝐦 = 𝟐.𝟎, 𝐟𝐰 =
𝟑.𝟎, 𝐒𝐜 = 𝟎.𝟔   𝐚𝐧𝐝  𝐄𝐜 = .𝟎𝟏. 
  
Figure 10. Concentration profiles for different 
values of 𝐏𝐫 𝐰𝐡𝐞𝐫𝐞 𝐆𝐫 = 𝟒.𝟎,𝐆𝐦 = 𝟐.𝟎, 𝐟𝐰 =
𝟑.𝟎, 𝐒𝐜 = 𝟎.𝟔   𝐚𝐧𝐝  𝐄𝐜 = .𝟎𝟏. 
Figure 11. Velocity profiles for different values 
of 𝐆𝐫 𝐰𝐡𝐞𝐫𝐞 𝐏𝐫 = 𝟎.𝟕𝟏, 𝐆𝐦 = 𝟐.𝟎, 𝐟𝐰 = 𝟑.𝟎, 𝐒𝐜 =
𝟎.𝟔   𝐚𝐧𝐝  𝐄𝐜 = .𝟎𝟏. 
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7. Conclusion 
Boundary layer convective fluid flow past a semi-finite vertical porous plate with large suction and viscous 
dissipation has been studied. An analytical technique ‘method of perturbation’ has been taken as a solution 
technique. This method has been completely described here for the present study. The velocity, temperature 
and concentration effects past a semi-finite vertical porous plate are studied and shown graphically. From the 
present study, the important findings are listed below: 
a. Velocity distribution decreases with the increase of suction parameter and prandtl number 
respectively, but the reverse effect has been found when we increases of Grashof number. 
b. Temperature distribution decreases with increase of suction parameter and prandtl number 
respectively. 
c. Concentration distribution decreases with the increases of suction parameter. 
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Appendix 
𝐴11 =
𝐸𝑐𝑃𝑟
2𝑃𝑟 − 4
; 𝐴21 =
𝐺𝑟
𝑃𝑟2(𝑃𝑟 − 1)
 ;   𝐴21
′ =
𝐺𝑚
𝑆𝑐2(𝑆𝑐 − 1)
;  𝐴22 =
(1 + 𝐺𝑟𝐴11)
4
 , 
𝐴23 = 𝑃𝑟
2 1 − 2𝑃𝑟𝐸𝑐𝐴21 ;  𝐴23
′ = 2𝐸𝑐𝑃𝑟𝑆𝑐
2𝐴21
′ ;  𝐴24 = 2𝑃𝑟 𝐴11 − 4𝐴22𝐸𝑐 ;      𝐴25 = 2𝐸𝑐𝑃𝑟 ; 
𝐴26 =
𝐴24
9 − 3𝑃𝑟
;𝐴27 =
𝐴23
1 + 𝑃𝑟
 ;  𝐴27
′ =
𝐴23
′
1 + 𝑆𝑐
;  𝐴28 =
𝑃𝑟 − 1
𝑃𝑟
;𝐴29 = 𝑃𝑟 − 1; 𝐵11 = −
𝑃𝑟
2
;   
𝐵12 =
(2𝐴25 − 2𝑃𝑟𝐴11)
4 − 2𝑃𝑟
+
 𝑃𝑟 − 4 (𝐴25 − 2𝑃𝑟𝐴11)
(4 − 2𝑃𝑟)2
+
𝐴25(𝑃𝑟 − 4)
2
(4 − 2𝑃𝑟)3
; 
𝐵13 =
 2𝑃𝑟𝐴21 − 𝐴25 
4 − 2𝑃𝑟
−
𝐴25 𝑃𝑟 − 4 
 4 − 2𝑃𝑟 2
 ;  𝐵14 =
𝐴25
8 − 4𝑃𝑟
;𝐶11 = −
𝑆𝑐
2
 ;  𝐶12 =  𝑆𝑐 − 1  
𝐶13 = −
1
𝑆𝑐
;𝐶14 =
𝑆𝑐
2
1 + 𝑆𝑐
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